In heart, G-protein-activated channels are complexes of two homologous proteins, GIRK1 and GIRK4. Expression of either protein alone results in barely active or non-active channels, making it difficult to assess the individual contribution of each subunit to the channel complex. The residue Phe 137 , located within the H5 region of GIRK1, is critical to the synergy between GIRK1 and GIRK4 (Chan, K. W., Sui, J. L., Vivaudou, M., and Logothetis, D. E. (1996) Proc. Natl. Acad. Sci. U. S. A. 93, 14193-14198). By modifying this residue or the matching residue of GIRK4, Ser 143 , we have been able to generate mutant proteins that produced large inwardly rectifying, G-protein-modulated currents when expressed alone in Xenopus oocytes. The enhanced activity of the heterologous expression of each of two active mutants, GIRK1(F137S) and GIRK4(S143T), was not caused by association with an endogenous oocyte channel subunit, and these mutants did not display apparent differences in the ability to localize to the cell surface compared with their wild-type counterparts. When these functional mutant channels were compared individually with wild-type heteromeric channels, they responded with only small differences to a number of maneuvers involving coexpression with muscarinic receptors, G-protein ␤␥ subunits, wild-type or mutated G-protein ␣ subunits, and active protomers of pertussis toxin. These experiments, which confirmed the crucial, though not exclusive, role of G␤␥ in regulating channel activity, demonstrated that GIRK1(F137S) and GIRK4(S143T), and by extrapolation their wild-type counterparts, interact in a qualitatively similar way with G-protein subunits. These findings suggest that functionally important sites of interaction with G-proteins are likely to be located within the homologous regions of GIRK1 and GIRK4 rather than within the divergent terminal regions. They also raise the question of the functional advantage of a heteromeric over homomeric design for G-protein-gated channels.
functionally important sites of interaction with G-proteins are likely to be located within the homologous regions of GIRK1 and GIRK4 rather than within the divergent terminal regions. They also raise the question of the functional advantage of a heteromeric over homomeric design for G-protein-gated channels.
Inwardly rectifying potassium channels gated directly by GTP-binding proteins (G-proteins) 1 exist in many excitable cells, where they modulate membrane excitability in response to the stimulation of G-protein-coupled receptors. The best studied member of this family of channels is the cardiac K ACh channel, which is responsible for the negative chronotropic effect of acetylcholine (ACh) released by the vagus nerve. The binding of ACh to muscarinic type 2 (m2) receptors coupled to pertussis toxin (PTX)-sensitive G-proteins triggers the separation of the G␣ and G␤␥ subunits and activation of the K ACh channel by G␤␥ (1) .
K ACh channels appear to be a complex of two homologous subunits, GIRK1 (2-4) and GIRK4 (4 -6) . Both of these subunits belong to the family of inward rectifier K ϩ channel proteins (7) characterized by cytoplasmic COOH and NH 2 termini, flanking two putative transmembrane helices linked by a hydrophilic loop that is thought to line the channel lumen. Other members of the GIRK family include the brain GIRK2 and GIRK3 (6, 8) , as well as GIRK5 (9) , which are expressed in Xenopus oocytes.
Heterologous expression of GIRK1 with GIRK4 gives rise to channels indistinguishable from native K ACh channels on the basis of ensemble membrane currents and single-channel properties as well as receptor and G-protein regulation (4, 5) . In contrast, expression of GIRK4 alone produced unnatural channels having lower activity, briefer openings, and faster activation kinetics (4, 5) . Expression of GIRK1 alone produces little or no channel activity, depending on the expression system. Evidence (9) suggests that any detectable activity results from association of GIRK1 with other subunits, such as with GIRK5 endogenously expressed in Xenopus oocytes. It therefore appears that homomeric GIRK1 channels are not functional.
The presence of a Phe at position 137 of GIRK1, within the presumed pore region H5, is a unique feature of GIRK1 among the remaining subfamily members and is essential to its synergistic coupling with GIRK4 (10) . Phe 137 also appears to repress the activity of GIRK1 homomers as evidenced by the high activity of the single-point mutant GIRK1(F137S), whereas the mutation at the matching residue in GIRK4, S143F, renders GIRK4 inactive, as evidenced by its inability to produce enhanced currents upon association with GIRK1 (10) . As further evidence of the importance of this position, we have also found that a Thr substitution of Ser 143 of GIRK4 can give rise to highly active homomeric channels. We use here GIRK4(S143T) as well as the mutant GIRK1(F137S) to investigate the individual properties of each subunit of the GIRK channels, with particular attention to their regulation by G-protein subunits.
A preliminary report of some of the results presented here has been published in abstract form (11) .
EXPERIMENTAL PROCEDURES
Human homologs of GIRK1 and GIRK4 (GenBank accession numbers U39195 and U39196; see Ref. 4) , as well as all cDNAs used in this study, were subcloned in the pGEMHE plasmid vector (12) . Mutations were introduced by polymerase chain reaction amplification using T7/ SP6 as flanking primers and complementary oligonucleotide primers incorporating the desired mutation. Polymerase chain reactions using Vent DNA polymerase were performed for only 20 cycles to avoid errors.
Constructs were subcloned back into pGEMHE, and positive clones were confirmed by manual sequencing using Sequenase version 2.0 (Amersham). PTX-S1, the catalytic subunit of pertussis toxin which is responsible for the ADP-ribosylation of G␣ i / o subunits (809 base pairs), was amplified with full-length PTX cDNA as a template (13, 14; a gift from R. Rappuoli) using standard polymerase chain reaction and was subcloned into pGEMHE. One positive clone was verified by sequencing. Requests for the PTX-S1 clone should be addressed to Dr. Eitan Reuveny.
All constructs were linearized with NheI and cRNAs were transcribed in vitro using the "message machine" kit (Ambion). RNAs were electrophoresed on formaldehyde gels, and concentrations were estimated from two dilutions using RNA marker (Life Technologies, Inc.) as a standard.
Xenopus oocytes were isolated and microinjected as described previously (10) . Unless otherwise indicated, we injected the following approximate cRNA quantities: channel subunits, 2 ng/species; m2 receptor, 1.5 ng; G␣ and G␤ subunits, 4 ng; G␥ subunit, 2 ng; PTX-S1, 1 ng.
Injected oocytes were incubated for 3 days at 19°C. Whole-oocyte currents were then measured by conventional two-microelectrode voltage clamp with a GeneClamp 500 amplifier (Axon Instruments). Microelectrodes had a resistance between 0.3 and 1 megohms when filled with a 3 M KCl solution. Oocytes were superfused constantly with a high potassium solution having (in mM): 91 KCl, 1 NaCl, 1 MgCl 2 , 1.8 CaCl 2 , 0.3 niflumic acid (unless otherwise indicated), 5 KOH/HEPES, pH 7.4). To block or activate currents, the oocyte chamber was perfused with solutions of the same composition with 3 mM BaCl 2 or 5 M ACh, respectively. Typically oocytes were held at 0 mV (E K ), and currents were monitored constantly by 300-ms pulses to a command potential of Ϫ80 mV every 2 s. Periodically, a similar protocol was applied but with a command potential from Ϫ100 to ϩ100 mV with 10-mV increments. Current amplitudes were measured at the end of the 300-ms pulse. In such manner, control currents were evaluated 2-5 min after impaling the oocytes just before application of ACh; ACh-activated currents were evaluated at the peak of the response to ACh; and Ba 2ϩ -insensitive currents were evaluated once steady-state inhibition was achieved, 1-3 min after application of 3 mM Ba 2ϩ . Basal current is the difference between control and Ba 2ϩ -insensitive currents, and ACh-induced (or ACh-sensitive) current the difference between ACh-activated and control currents. For each species injected, at least three oocytes were tested. Thus, experiments involving multiple conditions required many hours of continuous recording, periods long enough for expression levels to vary significantly. Although not all experiments could be done on the same batch, we did ensure that the data were reproducible over at least three batches of oocytes, and we verified that interbatch variability did not affect our results. Error bars in the figures represent standard error of the mean.
Single-channel activity was recorded on devitellinized oocytes under the cell-attached mode of standard patch-clamp methods, as described previously (10) . The pipette solution (96 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES, pH 7.4) was similar to that in the bath (96 mM KCl, 5 mM EGTA, 1 mM MgCl 2 , and 10 mM HEPES, pH 7.4). 100 M gadolinium was also included in the pipette solution to suppress endogenous stretch-activated channels. Recordings were performed at a holding membrane potential of Ϫ80 mV.
For confocal fluorescence microscopy, Xenopus oocytes were fixed in 4% paraformaldehyde at room temperature overnight. Fixed oocytes were embedded in 3% agarose; 50-m sections were cut, mounted, and viewed under a confocal microscope (Leica TCS 4D). To compare relative surface expression of each channel, images of all sections were recorded using equal parameters such as laser intensity, pinhole, and offset.
RESULTS AND DISCUSSION
GIRK1(F137S) and GIRK4(S143T) Generate Large ACh-sensitive Currents-Under our conditions, oocytes injected with cRNA for the wild-type GIRK1 or GIRK4 expressed basal and ACh-sensitive currents below 1 A at Ϫ80 mV which were somewhat larger than currents recorded from control oocytes (Fig. 1) . As expected (4, 5) , coexpression of the two wild-type subunits gave rise to robust inwardly rectifying currents, much larger than the sum of those obtained from expression of individual subunits, consistent with the idea of formation of heteromeric channels having larger activity than homomeric channels.
Using the same quantity of cRNA (2 ng), the single-point mutants GIRK1(F137S) and GIRK4(S143T) produced currents of a magnitude comparable to that of the wild-type heteromer (Fig. 1B) . Barring any participation from an endogenous protein (see below), these mutants would form competent homomeric channels able to couple to muscarinic receptors.
The properties of the active mutant channels were compared with those of the GIRK1-GIRK4 heteromer because it is difficult to compare them with their wild-type parents, which carried small currents and, in the case of GIRK1, may be tainted by interaction with the oocyte endogenous GIRK5 protein (9) .
Current-voltage relationships were examined by measuring the currents elicited by ACh over a wide voltage range (Fig.  1C) . GIRK4(S143T) showed weaker rectification than GIRK1(F137S) which, like GIRK1-GIRK4, did not conduct any detectable outward currents under our conditions. This is shown here for receptor-induced currents in the absence of coexpressed G-protein subunits. Agonist-independent currents produced by coexpression of G-protein subunits had similar current-voltage relations (data not shown), suggesting that the regions involved in rectification are insensitive to any agonistdependent conformational movement.
There is now ample evidence (15) (16) (17) (18) (19) (20) showing that rectification of inward rectifier K ϩ channels arises from internal block of the pore by magnesium and polyamine ions and that this block depends on the charges of two amino acids located in the M2 transmembrane segment and the COOH-terminal cytoplasmic end of the channel. These residues are Asp 172 and Glu 224 in the strong rectifier IRK1 (20) . The matching residues in GIRK1 are Asp 173 and Ser 225 and, in GIRK4, Asn 179 and Glu 231 , in both cases a negative and a neutral residue. One would therefore expect the homomeric GIRK1(F137S) and GIRK4(S143T) to have a reduced affinity for internal cations. Given the high concentrations of polyamines in Xenopus oocytes (15, 16) , this reduction would have to be significant to translate into detectable outward currents under two-microelectrode voltage-clamp recordings. Our observation that GIRK4(S143T) conducts small outward currents in oocytes, whereas GIRK1(F137S) and the heteromer GIRK1-GIRK4 do not, suggests that, first, the presence of a negative charge at positions 173/179 may be a stronger determinant of rectification than that at positions 225/231, and second, the strong rectification phenotype of GIRK1 may be dominant in the wild-type heteromer.
Kofuji et al. (21) identified residue Phe 137 of GIRK1 as an important determinant of activation kinetics but did not report Active G-protein-gated Homomeric K ϩ Channelscurrent enhancement with expression of the GIRK1(F137S) mutant. In our hands, both mutants (GIRK1(F137S) and GIRK4(S143T)) produced large currents that reached a stationary level within milliseconds in response to steps from 0 to Ϫ80 mV (Fig. 1A ). In agreement with Kofuji and colleagues, these responses appeared faster than that of the GIRK1-GIRK4 currents that do not reach a steady-state level within the 300-ms step. The significance of these kinetic differences is unclear since the mechanisms governing activation kinetics in these channels remain unknown. Mutated GIRK Subunits Form Homomeric Channels-Xenopus oocytes harbor an endogenous subunit, GIRK5, which can associate with GIRK1 producing the currents observed in oocytes injected with GIRK1 cRNA alone (9) . Could the observed activity of the GIRK P-region mutants arise from association with GIRK5?
Let us consider GIRK4(S143T) first. Fig. 2 compares singlechannel activity of GIRK4, GIRK1-GIRK4, and GIRK4(S143T) expressed in Xenopus oocytes with their corresponding amplitude histograms. GIRK4 yielded low levels of inwardly rectifying K ϩ currents with poorly resolved, short lived unitary events (␥ ϭ 15-30 pS; ϭ 0.31 Ϯ 0.02 ms, n ϭ 7). Co-expression of GIRK1 and GIRK4 gave severalfold enhanced levels of activity with longer lived, well resolved single-channel characteristics (␥ ϭ 34.6 Ϯ 0.8 pS, n ϭ 10; ϭ 2.6 Ϯ 0.3 ms, n ϭ 12). Expression of GIRK1(S143T) alone also resulted in enhanced levels of activity with distinct single-channel characteristics (␥ ϭ 27.3 Ϯ 0.8 pS, n ϭ 4; ϭ 2.1 Ϯ 0.4 ms, n ϭ 5). It is highly unlikely that the enhanced activity and the unique singlechannel characteristics of GIRK4(S143T) were the result of its association with the endogenous oocyte GIRK5 (or XIR) subunit. On one hand, increasing amounts of GIRK4(S143T) over relatively constant endogenous GIRK5 levels gave rise to increasing current levels with equivalent single-channel properties (data not shown). On the other hand, coexpression of GIRK4(S143T) with GIRK4, which may be functionally analogous to GIRK5 in its ability to produce enhanced currents in association with GIRK1 (9, 10), did not potentiate its activity (data not shown). Moreover, stable expression of GIRK4(S143T) in Chinese hamster ovary cells, which do not seem to express endogenous GIRK channels, yielded high levels of inwardly rectifying currents with distinct single-channel properties from similarly stably transfected cells with GIRK4 (data not shown). The unitary characteristics of the GIRK4(S143T) channel were not as long lived as those obtained from Xenopus oocytes and thus were difficult to characterize.
GIRK1(F137S), on the other hand, has been shown to associate with GIRK4 to form high activity channels (10) . If the GIRK1(F137S) activity were caused by its association with the endogenous oocyte GIRK5 subunit and if subunits associated more or less randomly in all possible combinations, one would expect less current when there is an excess of exogenous GIRK1(F137S) over a relatively constant background of endogenous GIRK5. As shown by Fig. 3A , this is not the case. As 
Active G-protein-gated Homomeric K
ϩ Channelsmore GIRK1(F137S) RNA is used, more current is measured. The relation appears linear at high doses of RNA and less so at the lowest doses used, perhaps because of association with GIRK5. In contrast, currents seemed to decrease with an increasing amount of GIRK1 cRNA. Similar results were obtained in three other batches of oocytes (3-15 oocytes tested for each RNA species injected/given batch). Moreover, similar results were obtained when various concentrations of RNA (but not the entire range) from both GIRK1 and GIRK1(F137S) were tested in the same oocyte batch.
As a more direct test of whether GIRK1(F137S) activity reflected its association with oocyte endogenous GIRK5 subunits, we compared single-channel activities from oocytes injected with GIRK1(F137S) mutants alone or together with exogenous GIRK5. Fig. 3B shows, as we have reported previously (10) , expression of GIRK1(F137S) alone resulted in unique single-channel conductance (␥ ϭ 15.4 Ϯ 0.9 pS, n ϭ 6) with complex kinetics. In contrast, coinjection of GIRK1(F137S) with GIRK5 showed an additional distinct channel conductance (␥ ϭ 39.3 Ϯ 0.92 pS, n ϭ 9), also with complex kinetics FIG. 2 . Single-channel characteristics of wild-type and functional homomeric mutant GIRK1 and GIRK4 channels. Single-channel currents from representative cell-attached patches from Xenopus oocytes expressing GIRK4 (n Ͼ 100 patches), GIRK1 and GIRK4 (n Ͼ 100), and GIRK4(S143T) (n ϭ 11). The holding membrane potential was Ϫ80 mV. All point histogram plots on the right indicate the amplitudes resulting from the various activity levels. Data points are displayed in a logarithmic scale ranging from 1 to 10,000 points.
FIG. 3. Relation between amount of RNA injected and current for GIRK1 and GIRK1(F137S) and comparison of single-channel activities from oocytes injected with GIRK1(F137S) alone or together with GIRK5.
A, black and white bars represent basal and ACh-induced currents, respectively, measured at Ϫ80 mV (wide bars) and ϩ80 mV (narrow bars). RNAs were diluted from the same stocks. All GIRK1(F137S) values were from the same batch of oocytes. GIRK1 values were from another batch. Data plotted are average currents recorded in at least three oocytes. B, single-channel records from an oocyte patch expressing exogenous GIRK1(F137S) (n ϭ 6). Two representative kinetically distinct, bursting patterns of activity are shown at two 10-fold different time scales. C, single-channel records from an oocyte patch coexpressing exogenous GIRK1(F137S) and GIRK5 (n ϭ 9). Two conductances were present: the conductance shown in B, which occurred relatively infrequently, and a new, larger conductance, which was predominant and is shown here. These additional larger conductance openings were present only in coinjected oocytes. (Fig. 3C) . Similar experiments of coinjection of GIRK1(F137S) with GIRK4 resulted also in channel activity displaying a distinct conductance (␥ ϭ 37.9 Ϯ 0.94, n ϭ 15), in addition to that seen in oocytes injected with GIRK1(F137S) alone. These results provided direct evidence that expression of GIRK1(F137S) alone results in channel activity with unitary characteristics distinct from those resulting from association of GIRK1(F137S) with GIRK5 (or GIRK4). Thus, it is unlikely that the GIRK1(F137S) activity results from heteromerization with endogenous GIRK5.
Subcellular Localization of Wild-type and Point Mutant GIRK Channels-Recently, it has been appreciated that GIRK1 subunits are not targeted efficiently to the cell surface, unlike GIRK4, which is abundantly localized to the plasma membrane (22) (23) (24) . Coexpression of GIRK4 with GIRK1 appears to correct the targeting defect of GIRK1. Do point mutants at the 137/143 position of GIRK1 and GIRK4, respectively, exhibit enhanced activity by altering the subcellular localization of the channel subunits? To answer this question, we fused the GFP (green fluorescent protein) to the COOHterminal ends of both wild-type channels and their corresponding point mutants. Uninjected oocytes gave very weak fluorescence background (Fig. 4) . Cell membranes of oocytes injected with GIRK1-GFP RNA showed strong cytoplasmic fluorescence and a weak signal to the cell surface. The weak membrane localization of GIRK1-GFP may mean that some GIRK1-GFP is targeted to the membrane upon association with endogenous GIRK5. However, it is also possible that some GIRK1 is targeted to the cell surface, independently of other factors, albeit quite inefficiently. Expression of GIRK1(F137S)-GFP did not result in an increased cell surface signal.
GIRK4-GFP gave a strong signal at the plasma membrane, as reported previously (23) . The GIRK4(S143F) point mutant that was shown previously to be functionally silent and unable to cause current enhancement upon association with GIRK1 (10) exhibited a similar fluorescence signal at the cell surface. These results suggest that point mutations at this critical P region position alter the functional state of the channel rather than its subcellular localization.
Effects of Exogenous G-protein Subunits and PTX-S1 on GIRK Channel
Regulation-The regulation of the mutant homomers was compared with wild-type heteromers by studying their response to muscarinic stimulation in different conditions expected to perturb the receptor-G-protein signaling cascade. These conditions were: 1) control, where oocytes were injected with the m2 receptor cRNA in addition to the desired channel protein cRNA(s); control oocytes were coinjected with 2) G␣ i2 , the ␣ subunit cRNA of the G-protein G i2 ; 3) G␤ 2 ␥ 2 , the Gprotein ␤ 2 ␥ 2 subunits; 4) G␣ i2 (Q205L), a form of G␣ i2 rendered constitutively active by the Q205L mutation, which depresses its GTPase activity; and 5) PTX-S1, the active protomer of pertussis toxin, which uncouples G-proteins and muscarinic receptor (25) . In different ways, these conditions had drastic effects on the basal and receptor-stimulated activity of the wild-type GIRK1-GIRK4 heteromer (Figs. 5A and 6A) .
Compared with control, G␣ i2 nearly abolished basal activity while enhancing ACh responses 2-fold. G␤ 2 coexpressed with G␥ 2 raised agonist-independent channel activity severalfold (as was first reported for K Ach with purified G␤ 2 complexed with G␥ 5 or G␥ 7 ; see Ref. 26 ), but the magnitude of the ACh-induced current was only slightly less than in control conditions. G␣ i2 (Q205L) reduced both basal and ACh-induced activity to 50 and 40% of their control values. Injection of the PTX-S1 cRNA encoding the active protomer of PTX almost completely abolished activation by ACh but only partially inhibited basal activity, in agreement with our previous data using incubation of oocytes with purified PTX proteins (4) .
Similar experiments were performed with the GIRK4(S143T) and GIRK1(F137S) channels as an assay to bring forth functional differences and highlight the relative contribution of each GIRK subunit to those interactions. Experimental data are illustrated in Fig. 5 , B and C, and results are summarized in Fig. 6 , B and C. At the limited resolution afforded by the technique of bath superfusion for agonist application, there were no striking differences in activation and deactivation kinetics between wild-type and each of the mutant channels (Fig.  5) . In control or with G␣ i2 and G␤ 2 ␥ 2 , ACh activation of each channel was fast, and deactivation appeared biphasic with a fast initial phase followed by a slow return to control levels. In our hands, ACh-activated currents remained steady for several minutes with no apparent desensitization. When currents were large enough to judge, both activation and deactivation kinetics of wild-type and mutant channels were considerably slower in the presence of PTX-S1 and G␣ i2 (Q205L). In the latter condition, this could reflect the lower turnover rate of G␣ i2 (Q205L) from the activated, GTP-bound state to the inactive, receptoractivable, GDP-bound state.
An additional feature of the records of Fig. 5 is the rundown Active G-protein-gated Homomeric K ϩ Channelsof currents observed in control conditions during the first few minutes of recording. Rundown was not caused by KCl loading of the oocytes via the recording electrode as it was not accompanied by a shift in the K ϩ reversal potential. This phenomenon, which we did not investigate further, was seen with all three channels (some oocytes did not show it; e.g. control oocyte of Fig. 5B ).
In terms of amplitude, as shown in Fig. 6 , coexpressed Gprotein subunits and PTX-S1 had comparable effects on basal and agonist-induced currents recorded from oocytes expressing either GIRK1-GIRK4, GIRK4(S143T), or GIRK1(F137S). Yet, some differences exist. Fig. 6 reveals that exogenous G␤ 2 ␥ 2 enhanced agonist-independent activity of GIRK4(S143T) 11-fold but only 4-fold for GIRK1(F137S). Conversely, with G␤ 2 ␥ 2 , GIRK1(F137S) current was increased 230% by ACh, whereas this figure was about 50% for GIRK4(S143T), suggesting that GIRK1(F137S) may be more sensitive to receptor-released G␤␥ and less sensitive to exogenous G␤␥ than GIRK4(S143T). This could mean that GIRK1(F137S) is able to couple more intimately to receptors and might be more insulated from exogenous effectors. Still, the data do not demonstrate fundamental mechanistic differences in the behaviors of the GIRK1 and GIRK4 mutants.
Let us consider, as a basis for discussion, that all G-protein effects are mediated by changes in the concentration of G␤␥ subunits. According to this hypothesis, basal activity would arise from a background of free G␤␥ dimers, and receptorinduced activation would result from the recruitment of those G␤␥ subunits inactivated at rest because they are bound within the G␣ GDP ␤␥ complex. In support of this hypothesis, exogenous G␤ 2 ␥ 2 strongly increased basal activity, PTX-S1 (which antagonizes interactions between receptor and G␣␤␥) logically sup- pressed almost all receptor-mediated activation, and exogenous G␣ i2 (which, in its GDP-bound form, will tend to associate with endogenous G␤␥ dimers and thus drive the equilibrium toward less free G␤␥ and more G␣ GDP ␤␥ available for receptor activation) did lower basal and raise receptor-induced activity. A reduction in basal activity by coexpressed G␣ i2 was also reported by Reuveny et al. (27) , who, however, did not test for ACh responses under these conditions. In contrast, in similar experiments but with GIRK1 alone and smaller currents, Lim et al. (28) detected no effect of overexpressed G␣ i2 on basal or muscarinic receptor-dependent current. The reason for this discrepancy is unclear.
A partial inhibitory action of PTX-S1 on basal activity (4, this study), at first puzzling, would also fit the "G␤␥ only" paradigm. PTX is known to block G-protein-receptor coupling and therefore G-protein subunit activation by ADP-ribosylation of the G␣ subunit. Because its substrate is the heterotrimeric G␣␤␥ protein (29) , PTX will tend to trap G␤␥ dimers within the nonactive G␣␤␥ complex. Thus PTX will not only affect the amount of G␤␥ released upon receptor stimulation but also the basal concentration of free G␤␥. In our case, the suppression of receptor responses suggests that almost all PTX-sensitive ␣ subunits were inactivated by PTX-S1. The concomitant reduction in available G␤␥ would be partial, proportional to the fraction of G-proteins that are PTX-sensitive, and could thus explain the observed incomplete inhibition of basal activity.
The evidence is therefore strong in favor of diffusible G␤␥ being the primary channel regulator. However, some observations suggest that G␤␥ may not be the only regulator. The mutation Q205L in G␣ i2 is cognate to the mutation Q227L in G␣ s which drastically reduces its GTPase rate without affecting GDP dissociation and, as a consequence, changes the fractional occupancy by GTP from about 5 to 80% (30) . Injection of G␣ i2 (Q205L) cRNA should therefore produce a large increase in GTP-bound G␣ i2 and a moderate, but still significant, increase in GDP-bound G␣ i2 . Because the mutation does not appear to influence the ability of the protein to interact with G␤␥ and receptor (30) , mutant, like wild-type, G␣ i2 will be able to sequester G␤␥ but to a lesser extent and should therefore have similar, if smaller, effects on basal and receptor-dependent activity. G␣ i2 (Q205L) did reduce basal activity as expected; but unlike G␣ i2 , it did not potentiate receptor-dependent activation and instead reduced it to below control levels. In contrast, equivalent experiments by Lim et al. (28) with G␣ s (Q227L) and ␤ 2 -adrenergic receptors showed an increase in receptordependent activity but no effect on basal activity. These results do not readily point to a precise mechanism, although they suggest that specific G␣ subunits could have different modulatory roles, unrelated to their ability to interact with G␤␥. Indeed certain G-protein ␣ GTP subunits can antagonize channel activation by G␤␥ directly (31), whereas G␣ GDP subunits have been shown to bind to GIRK1 (32) and are proposed to participate in the tight link between receptor and channel (33) implied by the "membrane-delimited" pathway of the signaling cascade (34) .
In this context, it is interesting that sizable ACh responses could still be recorded from oocytes that had been injected with G␤ 2 ␥ 2 cRNA. This suggests that either there was not enough G␤ 2 ␥ 2 to saturate the channel or that receptor-induced G␤␥ somehow had privileged access to the channel by virtue of, for instance, such a tight link between receptor and channel.
Conclusions-The availability of functional mutants like GIRK4(S143T) and GIRK1(F137S) allows the study of properties of the individual subunits of heteromeric G-protein-gated channels and therefore of the contribution of each constituent subunit to the properties of the assembled channel. It also provides a simpler system for the study of channel regulation by G-proteins and receptors.
These mutants formed homomeric channels with activity comparable to the wild-type heteromeric G-protein-gated channels. Both mutants had fast activation kinetics and rectified inwardly, although GIRK4(S143T) was a weaker rectifier than GIRK1(F137S). When tested with coexpressed receptor, G-protein subunits, and PTX-S1, both mutants behaved qualitatively similarly to the wild-type channel (although GIRK1(F137S) appeared more sensitive to receptor-activated G-proteins than GIRK4(S143T), perhaps because of better coupling with receptors).
The functional equivalence that we have uncovered together with the existing biochemical evidence that G␤␥ associates directly with both GIRK1 and GIRK4 (35) strongly suggests a close structural similarity between the regions of G-protein interaction of the two proteins. These regions would have to be distinct from the corresponding regions of other G-proteininsensitive inwardly rectifying channels.
This work demonstrates that a single protein can form a highly active G-protein-gated channel. Why did evolutionary pressure favor heteromeric channels over a simpler, apparently more straightforward, homomeric design by employing the appropriate P region amino acid substitution in the available proteins? Further studies on the function of the subunits and also on their transcriptional regulation and their targeting to the cell surface could yield the answer.
